A phase-field-crystal model is used to investigate the processing-structure-protrusion relationship of blind Cu through-silicon vias (TSVs) at the atomic scale. A higher temperature results in a larger TSV protrusion. Deformation via dislocation motion dominates at temperatures lower than around 300 • C, while both diffusional and dislocation creep occur at temperatures greater than around 300 • C. TSVs with smaller sidewall roughness R a and wavelength λ a exhibit larger protrusions. Moreover, different protrusion profiles are observed for TSVs with different grain structures. Both protrusions and intrusions are observed when a single grain is placed near the TSV top end, while the top surface protrudes near both edges when it contains more grains. Under symmetric loading, coalescence of the grains occurs near the top end, and a symmetric grain structure can accelerate this process. The strain distributions in TSVs are calculated, and the eigenstrain projection along the vertical direction can be considered an index to predict the TSV protrusion tendency.
I. INTRODUCTION
Three-dimensional (3D) devices, e.g., stacked high bandwidth memory (HBM) [1] , are expected to be developed to keep up with the increasing package density requirements. In realizing 3D packaging, an important idea is to utilize through-silicon via (TSV) technology [2] - [4] . However, the mismatch of the thermal expansion coefficients between the normal filler material Cu and the surrounding silicon frequently leads to protrusion when the TSV structures are subjected to thermal processing [5] . This protrusion causes damage to the back-end-of-line (BEoL) layers and thus failure of 3D packaging, posing a serious reliability issue to be solved.
When investigating Cu TSV protrusion, temperature is an important processing parameter. Heryanto et al. reported that the hardness, yield strength, and elastic modulus of Cu in TSVs decreased when the samples were annealed at higher temperatures [6] . X-ray microbeam diffraction was used by Jiang et al. to measure the Cu deformation under different thermal cycles from room temperature to 200 • C, 300 • C, and 400 • C [7] . In TSV fabrication, the surface of the drilled via cannot be controlled to be perfectly flat, and therefore, sidewall scalloping roughness exists [3] . Ehsan et al. emphasized that the TSV sidewall roughness is a paramount factor that governs the electrical performance, and can lead to a significant amount of leakage current, therefore impacting the capacitance, resistance and inductance [8] . Nakamura et al. reported that a tensile stress as high as 340 MPa is generated at the groove points on a rough sidewall [9] . The stress concentration at these locations may influence the protrusion behavior. Furthermore, the microstructure of polycrystalline Cu in TSVs also needs to be considered to clarify the origin of Cu protrusion. For example, the electron backscattered diffraction (EBSD) technique was used by Jiang et al. to show that larger grains are present in TSVs after thermal cycling with a higher peak temperature [10] . Recently, a statistical model correlating the protrusion height and the number of grains near the TSV top end was established by Messemaeker et al. [11] . Optimized electroplating and postplating annealing processing of TSVs were reported to possibly lead to a stabilized microstructure, which relieved the via protrusion [12] . However, the behavior of TSV protrusion is complex and a combined result of the processing parameters, e.g., temperature, and the sidewall roughness, microstructure and strain or stress state in TSVs. Synchrotron X-ray microdiffraction was carried out by Liu et al. for in situ measurement of microscale thermomechanical strain [13] . Okoro et al. measured stresses in TSVs of different sizes using micro-Raman spectroscopy [14] .
To assist the understanding of the protrusion, controllable simulations considering atomic-scale structures can provide more direct information. In recent works, we used a phasefield-crystal (PFC) model to reproduce the process of Cu protrusion [15] - [17] . PFC models can reveal microstructural evolution in materials with atomic spatial scale and diffusive time scale resolutions, such as polycrystalline solidification, structural phase transformations, and heteroepitaxial growth [18] , [19] . Moreover, the elasticity and plasticity phenomena of solid-state processes can be captured by PFC models, such as dislocation motion, creation and annihilation and creep [20] , [21] .
In this study, we use the PFC model to further investigate TSV protrusion by incorporating different processing parameters and grain structures and reveal their influence on the resulting protrusion behavior. The rest of the paper is organized as follows. First, the PFC model and the method to calculate the strain are briefly introduced. Second, the effects of temperature and TSV sidewall roughness on protrusion are discussed. Moreover, the protrusion behaviors of TSVs with different grain structures are investigated in detail. Finally, the strain distributions in the TSVs are extracted from the atom displacements and the relevance of strain to protrusion is studied.
II. METHOD
The principle of the PFC model for simulating the microstructural evolution of a material is briefly reviewed here. First, the lattice of a crystalline material is represented as an order parameter ρ in the PFC model. The order parameter has the form of a plane wave with the same periodicity as the lattice and represents the local time-averaged atomic density of the material system. Using a two-point correlation function, a two-mode PFC model was developed to simulate a square lattice in two dimensions, corresponding to the {100} crystallographic plane of Cu [22] . The two-mode order parameter ρ is written as follows [22] : ρ =ρ + A cos(qx) + cos(qy) + B cos(qx) cos(qy) (1) where A and B are related to the amplitudes of two sets of density waves and q = 2π/a is related to the lattice constant a. Moreover, the symbol a = 0.25 nm is defined hereinafter as the lattice constant of Cu. Then, the free energy of the system is written as follows [22] :
where T is the scaling temperature and Q 2 = 2 is a constant. The microstructural evolution is obtained by solving the governing equation of the PFC model [22] :
shows the model configuration of our TSV structure. Here, a 2D PFC model is adopted for computational efficiency. Note that the TSV is a blind via in this study. The solid gray lines delineate the edges of the TSV, showing a trapezoidal TSV. Solid external layers are added around the TSV to facilitate the application of loading. The top layer is set as a grain with a 0 • orientation, providing a solid cover for the TSV. In the PFC model, loading is applied by introducing a "penalty term" to the free energy with the following form [23] :
where M(r) is nonzero only in the external layers, except for the top cover layer. Driven by the "penalty term", the atoms inside the external layers are forced to move with a predetermined velocity v in the direction defined by the arrows in 400 − 450 • C, resulting in Cu protrusion [6] , [24] , [25] . Note that the length and time scales in the original PFC model and this study are dimensionless. The length and time scales in the dimensionless PFC model can certainly be related to real dimension units. The lattice constant of Cu, i.e., a = 0.25 nm, can define the length scale. With respect to the time scale, it has been reported by Provatas and Heryanto that roughly 500 to 1000 time steps in the PFC model can simulate one diffusion time (e.g., 0.20 ms at 650 • C) [26] .
In addition, the atoms in or near the grain boundaries (GBs) and dislocations in the TSV are defined as defect atoms and are highlighted by the yellow dots in Fig. 1 . More details are given in our previous study [16] . In the PFC model, the atoms are identified as the maxima of the order parameter ρ(r, t). The calculation of strain is based on the displacement of the atoms, i.e., the displacement u(r), which connects the positions of the same atom at two different time steps [27] . As an example, u(r) from t = 0 to t = 30000 is plotted in Fig. 2 . To demonstrate how to calculate the strain, two schematic snapshots of a lattice at times t 0 and t 1 are taken, as shown in Fig. 3 . The vector X mn = X n − X m connects the m-th and n-th vertices of the triangular element at t 0 , while x mn = x n − x m connects the same pair of atoms at the next time step t 1 . The deformation gradient F transforms such a triangular element from time t 0 to t 1 , i.e., x mn = L·X mn . Therefore, the deformation gradient F is related to the strain state by [27] :
where I is the unit matrix. Finally, the strain components are obtained from L as follows: 2) , and ε yx = L(2, 1). The deformation field over the entire system can be written as a sum over all triangular elements [27] :
where V i is the area of the triangular element in 2D.
III. RESULTS AND DISCUSSION
A. TEMPERATURE Fig. 4 plots the protrusion height versus different temperatures. The protrusion height increases with increasing temperature. Different rates of increase exist in different temperature regimes, i.e., a lower rate for T < 200 • C and a higher rate for T > 300 • C. Different deformation mechanisms dominate in different temperature regimes. In the lower temperature range T < 200 • C, only the dislocation motion causes the grains to deform under the applied loading. With an increase in temperature to 300 • C and above, diffusional creep dominates, initiated by the GB diffusion, i.e., Coble creep, and successively activates lattice diffusion at approximately 600 • C, i.e., Nabarro-Herring creep. Coble creep dominates at relatively lower temperatures, and a transition to Nabarro-Herring creep occurs as the temperature increases [28] , [29] . Both the diffusional creep and dislocation creep contribute to the protrusion and lead to a larger protrusion under temperature T > 300 • C. In addition, the atom diffusion and dislocation motion are faster at higher temperatures.
B. SIDEWALL ROUGHNESS
To investigate the effect of the sidewall roughness, a sinusoidal function, i.e., y = A · sin( x N ), is used to describe the Table 1 .
sidewall surface in our model, as shown in Fig. 5 . Here, the roughness height is R a = 2 · A and the average wavelength is λ a = 2π · N. Detailed model configurations and protrusion statistics are summarized in Table 1 . Four models with different sidewall roughness values are shown in Fig. 6 .
Comparing M1 in Fig. 6a with M3 in Fig. 6b , a higher R a will lead to a lower mean protrusion height because a higher R a means larger grooves in the sidewall. The larger the grooves are, the more atoms and defects are impeded in their upward movement. As a result, a lower mean protrusion height can be expected. Considering M2 and M5, the mean protrusion height is larger with a smaller λ a . A smaller λ a indicates that more grooves exist in the sidewall. Despite more grooves impeding more atoms from moving, the effect of λ a has been reported to be smaller than that of R a : the roughness wavelength is only of secondary importance compared to the average roughness height [30] . On the other hand, dislocations are emitted from the groove points of the sidewall because of the stress concentration at these locations under the applied loading. More groove points mean that more dislocations may be emitted. When reaching the top surface, these emitted dislocations positively contribute to protrusion. In addition, the difference in the maximum protrusion heights between M2 and M5 is larger than that in the mean protrusion heights because more dislocations are emitted from the groove points of the sidewall in M5, thus contributing to the maximum protrusion height. Fig. 1 shows the protrusion of a TSV with two grains near the top end, and the protrusion profile is sketched by the black dashed curve, exhibiting two peaks directly produced by grains A and B. The simulation results suggest that the grains near the top end of the TSV, i.e., the grains adjacent to the top surface, directly contribute to both the protrusion profile and height. As shown in Fig. 7 , the black curve in Fig. 7b highlighting the TSV with one grain near the top end exhibits both protrusion and intrusion behavior. For the TSV with four grains near the top end shown in Fig. 7c, Fig. 7d shows that the top surface protrudes near both edges, which is directly produced by grains A and D, and remains almost flat in the middle. Grains B and C produce little protrusion. Protrusion near both edges can also be found in the TSV with three grains near the top end, as shown in Fig. 8 . The difference in the three-grain case lies in grain B in the middle, which forms a high angle GB with both grains A and C, shrinks with time and finally coalesces with the neighboring grains. For the four-grain case in Fig. 7d, although grains B and C also become smaller, the coalescence of grains proceeds much slower because the asymmetry of the grain structure impedes the motion of the triple junctions. Note the symmetry of the grain structure in Fig. 8 . Due to the symmetries in the TSV geometry, grain structure and loading condition, the deformations in the left and right halves of the TSV occur uniformly and accommodate each other. Hence, the motion of the triple junctions can occur smoothly without impediment. Fig. 9 shows the relationship between the grain misorientation and the protrusion for the case illustrated in Fig. 1 , i.e., the TSV with two grains near the top end. The orientations of grains A and B are systemically studied: the orientation of one grain is varied from 5 • to 85 • , while that of the other grain remains the same. The results show that the protrusion height increases and then decreases with increasing misorientation. The maximum protrusion height occurs at a misorientation of approximately 60 • . The GB formed with this special misorientation is referred to as a twin boundary, which has the lowest mobility and exhibits the highest stability among all the kinds of GBs. A lower mobility means that GB migration and accommodation of the loading applied to the TSV are more difficult. Lacking compliance, the grains are directly pushed out of the TSV surface, thereby resulting in substantial protrusion. Fig. 10 shows the distribution of strain components, i.e., ε xx , ε yy , γ xy , and γ yx , at t = 5000 for the structure as illustrated in Fig. 1 , where two grains are located near the top end. The defect atoms inside the TSV are indicated by black dots. The strain along the GBs is found to be more pronounced than that in the grain interior: the average strains along the GBs areε xx ≈ −0.25 andε yy ≈ −0.25, whileε xx ≈ 0.025 and ε yy ≈ 0.034 in the grain interior, as shown in Figs. 10a-b . The magnitude of the strain along the GBs is approximately 10 times that in the grain interior. When loading is applied to the TSV, the thickness of the GBs decreases because the atoms in the GBs move and become more compact. In addition, the atoms in the GBs move more freely than those in the grain interior, thus leading to a larger deformation along the GBs. Therefore, more pronounced compressive strains are found along the GBs. As shown in Figs. 10c-d , the average shear strains along the GBs and in the grain interior are more or less at similar levels, withγ xy ≈ 0.007 andγ yx ≈ −0.003 in the grain interior andγ xy ≈ 0.01 and γ yx ≈ −0.001 along the GBs. The average strain inside the TSV along the y-direction are plotted on the left side of the strain distribution maps in Fig. 10 . Note that a point on the curve is the averaged strain over a cross-section of the TSV, i.e., a line in the 2D case, along the x-direction. The average strain curves of ε xx and ε yy exhibit similar distributions. For the shear strains γ xy and γ yx , the two curves almost negate each other.
C. GRAIN STRUCTURE

D. STRAIN IN TSVS
To further understand the relationship between the strain and protrusion, the principle strains or the eigenstrains in the TSV are calculated. Then, the projection of the eigenstrains onto the y-direction is considered an index to characterize the protrusion tendency. As an example, the eigenstrain projection of the TSV illustrated in Figs. 7a-7b, i.e., the TSV with one grain near the top end, is calculated and plotted in Fig. 11 . Two regions, R1 and R2, are marked, and more positive values dominate in region R1, while more negative values dominate in region R2. The projection of the eigenstrains predicts the TSV protrusion behavior: protrusion on the left side and intrusion on the right side of the top surface, which agrees with the final protrusion profile shown in Fig. 7b .
IV. CONCLUSION
In this study, the PFC model is used to investigate the effects of temperature, sidewall roughness and grain structure on the Cu TSV protrusion at the atomic scale. The following conclusions can be drawn:
• A larger protrusion results when the TSV is subjected to a higher temperature. A transition temperature exists at approximately 300 • C, at which the deformation mechanism switches from dislocation motion to both diffusional and dislocation creep. • TSVs with smaller sidewall roughness R a and wavelength λ a exhibit a larger protrusion height, in which the role of λ a is secondary to that of R a . • Both protrusion and intrusion can occur in TSVs with the nearest region of the top end fully occupied by a single grain, while the top surface protrudes near both edges when it contains more grains. In TSVs with a symmetric grain structure subjected to symmetric loading, the triple-junction motion and related GB migration can proceed smoothly, thus alleviating protrusion. • Eigenstrain projection onto the vertical direction can predict the TSV protrusion tendency: regions with positive values contribute to protrusion, while those with negative values contribute to intrusion.
